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ABSTRACT

When foraging on a specific range of fruits or seeds, animals can represent a natural selection force, affecting plant
population realized fecundity. Most studies have focused on characteristics of dispersed seeds, but the higher predation
of seeds of specific size or shape is also an important force that influences the populations’ realized fecundity and
can help to understand patterns of plants genetic variability. In the Brazilian Pantanal, we investigated the predation
of Acuri (Attalea phalerata) palm fruits by macaws, whose seeds go intact through tapirs digestive tract and then are
deposited on latrines, where they are often consumed by seed predators. We found 251 fruits, containing between
1 and 5 seeds per fruit; 170 were intact and 81 had been partially damaged by macaws, mostly those containing 3 or
4 seeds per fruit and with thin endocarps. We argue that the higher consumption of fruits with these traits reflects
a trade-off in the energy spent by macaws to open the fruits and the energy provided by them. Higher predation on
3-4 seeded fruits favors the selection of 1-2 seeded fruits, revealing a selection force opposed to the one exerted by
bruchids and small rodents, which favors multi-seeded palm fruits.
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Frugivorous and seed predator animals play important
roles in ecological processes involving plant populations,
affecting individuals’ reproductive success and selection
for particular traits. Frugivorous and seed eating animals
may choose which fruiting species to feed on, which plant
individual to forage on and which fruits among those

available in the tree they will consume. These choices may
represent natural selection driving forces, when animals show
preference for a specific size or shape of fruits or seeds, since
they may influence plants’ realized fecundity (Jordano 1995).

The acuri palm (Attalea phalerata) is an important food
resource at Neotropical forests, as its fruits are largely
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consumed by rodents, wild pigs, tapirs, rheas and raptors
(Quiroga-Castro & Réldan 2001; Galetti & Guimaraes 2004).
Some of these species act as effective dispersers, as for
example, scatter-hoarding rodents, which promote higher
germination success by protecting seeds from bruchid
predation through seed burial (Dracxler & Forget 2017). A
(Tapirus terrestris), which moves seeds over large distances
before defecating them (Fragoso et al. 2003; Tobler et al.
2010). This species ingests whole palm fruits and during
the rumination process, pulp is stripped off, with only the
exocarp and mesocarp being consumed while the endocarp
is regurgitated or defecated intact in latrines. Tapir latrines
frequently present a high number of palm fruits with intact
seeds inside the endocarps (Yamashita 1997; Quiroga-Castro
& Roldan 2001), which are usually able to germinate after
passing through digestive tract of tapirs (Capace et al. 2013).
In Pantanal and Amazonia, latrines are usually at areas
susceptible to seasonal floods, which may prevent seed
germination (Quiroga-Castro & Roldan 2001). However,
the flood itself may promote seed dispersal to areas more
suitable for germination, as it happens for other plant
species (Fragoso 1997).

In the Brazilian Pantanal, besides small rodents (Camilo
Alves & Mourio 2010) and bruchid beetles (Quiroga-Castro
& Roldan 2001), the Hyacinth macaw Anodorhynchus
hyacinthinus predates A. phalerata seeds (Guedes & Harper
1995). Palm seeds are an essential food source for macaws,
especially for Anodorhynchus species that live preferentially
in areas where this plant is abundant (Brandt & Machado
1990; Yamashita & Valle 1993; Yamashita 1987; 1997).
Although macaws are able to remove fruits directly from
palm trees (Brandt & Machado 1990), they frequently obtain
seeds from latrines and also cattle ruminations, which were
suggested as evidence of their relationship with the extinct
megafauna (Yamashita 1997; Pires et al. 2014). In fact, the
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habit of Anodorhynchus macaws of following cattle and
also tapir herds is thought to be a behaviour derived from
adaptations to follow the now extinct megaherbivores, which
disappeared around 10,000 years ago (Yamashita 1997).

Macaws consume seeds by opening the endocarp of
fruits acting, thus, mostly as seed predators. The typical
transverse cut made by macaws at the endocarp to extract
the seeds allows the inference of fruits consumed by these
birds (Yamashita 1987; 1997). Macaws can damage a large
amount of palm fruits (Brandt & Machado 1990), affecting
the reproductive success of the plant species and possibly
acting as important drivers of the evolution of fruit traits
in acuri palms. Here we hypothesized that macaws select
larger fruits which contain more seeds and could be easier
to open due to their thinner endocarps.

In October 2006 fruits of Attalea phalerata (Arecaceae),
either intact or consumed by macaws, were collected in
six tapir latrines found around saline lakes at Fazenda
Rio Negro, Pantanal da Nhecol4andia, Mato Grosso do Sul.
Attalea phalerata fruits are ellipsoid-oblong (Fig. 1), 6-11
cm long and 3-5 cm in diameter, and can harbour from
one to five seeds (Galeano et al. 1995). We have no reason
to believe that the distribution of fruit sizes consumed
by tapirs is distinct from the distribution in the plant
population. At this study site, the most abundant macaw
is Anodorhynchus hyacinthinus, while other macaws are rarely
recorded (Machado et al. 2009).

For each fruit collected (including both consumed and
intact) we measured the largest diameter and endocarp
thickness with a digital calliper and also counted the number
of seeds. To calculate the mean endocarp thickness, four
measures were taken from each endocarp (Fig. 1B). For
diameter we took three distinct measures in the same fruit
and considered only the largest value (Fig. 1C; Fig. S1 in

Figure 1. Samples of Attalea phalerata fruits. (A) Indication on what we called a whole fruit, seeds and endocarp. (B) Arrows represent
four possible measures taken to estimate mean endocarp thickness. (C) Arrows represent three possible diameter measures used to

check and record the largest diameter.
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supplementary material). For endocarps cut by macaws,
only the half containing the germinative pore was measured.

The number of seeds per fruit ranged from one to five,
and fruits harboring three seeds were the most frequent.
Specifically, 11.6 % were one seeded, 20.7 % two-seeded,
45.8 % three-seeded, 21.1 % four-seeded and only two
endocarps (0.8 %) were five-seeded (Fig. 2A). Such frequency
distribution is similar to the one reported for acuri fruits
collected beneath palm trees (Camilo-Alves & Mourio 2010).
Endocarp size distribution followed a normal distribution
being 20.7 mm + 2.7 (mean + SD).
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Figure 2. Traits of Attalea phalerata endocarps collected in tapir
latrines at saline lakes at Fazenda do Rio Negro, Pantanal, Brazil.
(A) Number of seeds in intact endocarps and in endocarps damaged
by Anodorhynchus hyacinthinus macaws and (B) the larger fruit
diameter and endocarp thickness for each fruit and its relation
according to seed number.

Considering all fruits together (regardless of number
of seeds), number of seeds was positively associated with
fruit diameter (F=79.15; r’=0.24; p <0.0001) and negatively
associated with endocarp thickness (F=175.8; r2=0.42;
p<0.0001; in both cases n=251, Fig. 2B). Considering only
fruits with the same number of seeds, the relationship
between fruit size and diameter was still positive (Fig. 3;
one seed: F=12.06, R?=0.28, n=29; two seeds; F=10.29,
R?=0.15: n=52; three seeds: F=20.50, R>=0.15, n=115; four
seeds: F=10.68, R?=0.16, n=53; all p <0.005). Although
larger endocarps contain more seeds, the size distribution
of endocarps with different seed numbers overlapped to
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some extent, especially between those with three or four
seeds (Fig. 2B).
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Figure 3. Relation between endocarp thickness and fruit diameter
of Attalea phalerata fruits in each class of number of seeds per fruit.

To evaluate the potential effect of endocarp traits on
fruit predation by macaws, we used generalized linear
models (GLM) and subsequent model selection. Specifically,
we tested whether presence/absence of predation was
associated with fruit diameter and endocarp thickness. Our
models assumed the response variable to follow a binomial
error distribution, and considered both variables alone or
in additive combinations. We also included an intercept-
only (null) model as a benchmark for comparison. We
assessed the plausibility of candidate models using Akaike’s
Information Criterion corrected for small samples (AICc,
Burnham & Anderson 2002). AICc values of each model
were subtracted from the AICc value of the most plausible
model (Ai), and models were considered equally plausible
if Ai < 2 (Burnham & Anderson 2002). All analyses were
run in the R environment, version 3.4.0 (R Development
Core Team 2017). To run the GLM we used the package
Ime4 (Bates et al. 2015).

We found that A. phalerata seed predation by macaws
was more frequent on fruits with larger diameters and
thinner endocarps (Fig. S2). We found 251 fruits of A.
phalerata in latrines, of which 170 were intact and 81 had
been damaged by macaws. Out of the 81 fruits consumed
by macaws, 7.4 % had two seeds, 60.5 % had three seeds
and 32.1% had four seeds (Fig. 2).

The most plausible model indicated that fruits consumed
by macaws tend to present specific traits, with thickness of
the endocarp being more important than diameter (Tab. 1).
Fruits harbouring three or four seeds suffered more
predation than fruits with one, two or five seeds (Fig. 2A).
Among three and four seeded fruits, predation was more
frequent in fruit with thinner endocarps (Fig. 2B). Three-
seeded fruits were the most abundant, but the fact that few
two-seeded ones were predated, despite being as abundant
as the four-seeded ones, indicates a potential preference for
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fruits with thinner endocarp and more seeds. This apparent
preference likely results from a trade-off between the energy
obtained from and expend to open the fruit, as the endocarp
thickness decreases with the number of seeds and fruits
with more seeds are likely easier to open.

Table 1. Model selection for Anodorhynchus hyacinthinus predation
on Attalea phalerata fruits as a function of larger diameter
(Diameter) and mean endocarp thickness (Endocarp). A;: difference
of AICc value to the best model, ®; Akaike weight, K: number of
parameters. Plausible models are highlighted with bold letters.

Diameter + Endocarp 3 0.66

Endocarp 1.4 2 0.34
Diameter 85.4 2 <0.001
constant 86.4 1 <0.001

In fact, macaws seem to select certain acuri fruits based
on their traits. Although macaws could act as selective
agents favouring trees that produce more fruits with one
and two seeds, in the Pantanal ecosystem, this force may
be counterbalancing acuri seed predation by bruchids
(Bradford & Smith 1977; Ragusa-Netto 2019) and small
rodents (Camilo-Alves & Mourdo 2010) that are highly
effective predators of single-seeded fruits which, by its
turn, favours multi-seeded fruits. As macaws, rodents
and bruchids can co-occur with acuri populations and
impose opposite selection forces, they may contribute to
maintain the variability in the number of seeds per fruit
in A. phalerata populations. Furthermore, differences on
how each of these predator species opens the endocarp and
consume seeds may be important. On the one hand, macaws
cut fruits in half, making unfeasible the germination of
any seed from the fruit and, over evolutionary time,
it would be expected that the preferred fruits will no
longer be available in the acuri population. On the other
hand, rodents make holes in the endocarps to access the
endosperm, consuming just one or two of them and often
leaving some of the seeds intact. As a consequence, the
survival of seeds in multiple seeded fruits attacked by
rodents is higher than in the single-seeded fruits, and the
remaining seeds can germinate (Camilo-Alves & Mourio
2010). Thus, rodents act as seed dispersers and help to
maintain the multi-seeded trait in the acuri population,
possibly benefiting macaws, which show preference for
multi-seeded fruits but do not leave any seed with this
genotype for germination.

Here we show that most acuri fruits predated by macaws
on tapir latrines usually have 3 or 4 seeds. The effect of
macaws in the reproductive success of acuri palms is part
of a complex ecological scenario including opposite seed
predation forces played by macaws, bruchids and small
rodents, which contributes to maintaining the genetic
diversity of acuri palm populations. Nonetheless, there
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is still much to learn on the role of each player in the
selection of seed numbers in Attalea fruits to understand
the mechanism underlying the maintenance of such traits
within the population. Advances in this direction may derive
from studies investigating spatial and temporal variations
in both palm and seed predator populations.
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